Abstract | Appropriate levels of phosphate in the body are maintained by the coordinated regulation of the bone-derived growth factor FGF23 and the membrane-bound protein Klotho. The endocrine actions of FGF23, in association with parathyroid hormone and vitamin D, mobilize sodium-phosphate cotransporters that control renal phosphate transport in proximal tubular epithelial cells. The availability of an adequate amount of Klotho is essential for FGF23 to exert its phosphaturic effects in the kidney. In the presence of Klotho, FGF23 activates downstream signaling components that influence the homeostasis of phosphate, whereas in the absence of this membrane protein, it is unable to exert such regulatory effects, as demonstrated convincingly in animal models. Several factors, including phosphate and vitamin D, can regulate the production of both FGF23 and Klotho and influence their functions. In various acquired and genetic human diseases, dysregulation of FGF23 and Klotho is associated with vascular and skeletal anomalies owing to altered phosphate turnover. In this Review, I summarize how the endocrine effects of bone-derived FGF23, in coordination with Klotho, can regulate systemic phosphate homeostasis, and how an inadequate balance of these molecules can lead to complications that are caused by abnormal mineral ion metabolism.
Introduction
Phosphorus, a major mineral ion that is routinely consumed through food, is usually associated with oxygen in the form of phosphate. Phosphate is widely distributed in the body and is an important factor in bone formation, but is also involved in cell signaling, energy metabolism, nucleic acid synthesis, and the maintenance of acid−base balance (urinary buffering).
1,2 the physiologic balance of phosphate is maintained by the coordinated interactions of the small intestine, bone, parathyroid gland and kidneys; 3−8 functional impairments in any of these organs can lead to abnormal phosphate levels (Box 1). For example, in most chronic renal diseases, [9] [10] [11] impaired renal function perturbs the homeostasis of phosphate, as well as that of physiologic water, electrolytes, and mineral ion balance.
as high as 70% of dietary phosphate can be absorbed from the upper half of the intestine and then taken up by the cells that need it; the remaining amount is mostly excreted through urine. of particular interest, in response to the intestinal phosphate administration, phos phaturia can occur without measurable changes in plasma concentra tions of phosphate and independent of parathyroid hormone, as similar responses have also been detected in parathyroidectomized animals. these observations implicate the putative existence of an intestinal 'phosphate sensor' , which might send a hormonal signal to stimulate urinary phosphate excretion immediately after an intestinal phosphate load. 12 transepithelial phosphate transport in the intestine (through enterocytes) and in the kidney (through proximal epithelial cells) is primarily mediated by proteins in the sodium/phosphate cotransporter family (naPi-2a, naPi-2b and naPi-2c) that are expressed in the apical membrane of the epithelial cells. more than 80% of the fil trated phosphate in the kidneys is reabsorbed in the proxi mal tubules through naPi-2a and naPi-2c. various endocrine factors, including parathyroid hormone, active vitamin D metabolites and FGF23, can directly or indirectly control naPi activities to influence systemic phosphate balance ( Figure 1 ). in addition to parathyroid hormone and vitamin D, numerous other hormones can affect renal phosphate handling. Growth hormone, insulin, and thyroid hormone can all increase phosphate reabsorption, whereas calcitonin, glucocorticoids, and atrial natriuretic factor can decrease it, primarily by in fluencing the activity of naPi-2a. 13, 14 among these factors, parathyroid hormone is one of the most potent regulators of phosphate metabolism. Parathyroid hormone can suppress the reabsorption of phosphate in the proximal tubules by reducing naPi-2a and naPi-2c activities. this reduction is achieved by internaliza tion of naPi proteins from the lumen side of the proximal tubular epithelial cells. 15 Parathyroid hormone can also mobilize phosphate from the bone into the bloodstream, possibly by enhancing osteo clastic bone resorption. 16 in addition, parathyroid hormone can increase the production of 1,25 dihydroxyvitamin D3 (calcitriol) by inducing the renal expression of 1-α hydroxylase, which affects intestinal phosphate absorption. two complementary systems might have a role in adapting acute or chronic changes in dietary phosphate intake: chronic changes might involve calcitriol-dependent changes in naPi transporter expression, 17 whereas acute changes might be mediated through an immediate hormonal response that is yet to be determined. 12 intestinal phosphate uptake, therefore, is a major regulatory factor that can control the physiologic balance of serum phosphate level.
Cellular, intracellular, transcellular and peri cellular mineral ion transports are complex processes that are achieved by both active and passive translocation. Phosphate 18−20 active regulation of phosphate homeostasis and its relation to calcium transport and balance are evolving areas of research. in the following sections, i discuss the role of the bone-derived growth factor FGF23 and the membrane protein Klotho in the regulation of systemic phosphate homeostasis, and the consequences of the in adequate balance of these molecules.
The role of FGF23 a major breakthrough in understanding the active regulation of phosphate homeostasis was accomplished by the identification of FGF23. 21, 22 FGF23 is a ~30 kD protein that is proteolytically processed to a ~18 kD n-terminal fragment and a ~12 kD C-terminal fragment. the receptor-binding domain of FGF23 is present in the n-terminus.
FGF23 is able to suppress the expression of naPi-2a and naPi-2c cotransporters either directly, as shown by in vitro studies 23 or through affecting para thyroid hormone acti vity, which induces urinary phosphate excretion by reducing naPi-2a and naPi-2c co transporter activities. 24 transgenic mice that overexpress FGF23 have hypophosphatemia owing to the suppression of renal naPi cotransporters, as well as reduced serum cal citriol levels and skeletal mineral deposition defects in the form of rickets or osteo malacia.
27−30 FGF23 can also influence systemic vitamin D activity by suppressing the renal expres sion of 1α hydroxylase, which results in decreased production of calcitriol. 24 in addition, FGF23 can reduce the acti vity of cal citriol by increasing the synthesis of the cata bolic enzyme 24-hydroxylase, 24 and the resultant reduced vitamin D activities might induce parathyroid hormone secretion and concomitant phosphaturia. some investi gators claimed that FGF23 can directly suppress parathyroid hormone secretion, 25, 26 which should inhibit phosphaturia, possibly by increasing naPi-2a and naPi-2c cotransporter acti vities; moreover, secon dary hyperparathyroidism develops in patients with chronic kidney diseases (CKD), despite their extremely high serum levels of FGF23. Further studies are needed to determine the molecular interactions of FGF23 and parathyroid hormone that lead to bio chemical changes in various clinical disorders, including CKD. diseases related to increased FgF23 level a number of other human diseases are associated with increased FGF23 levels (table 1). vitamin-D-resistant rickets or osteomalacia in patients with X-linked hypo phosphatemia (XlH) is caused by inactivating mutations in PHEX (which encodes a phosphate-regulating endo peptidase and is homologous with other endopeptidase-genes that are REvIEwS located on the X-chromosome) that, in turn, increase serum levels of FGF23. 31 in another inherited human disease, autosomal dominant hypo phosphatemic rickets (aDHr), gain-of-function mutations of FGF23 (which result in substitutions of arg residues at 176 and/or 179 to Gln or other residues and prevent the proteolytic cleavage of FGF23) are associated with excessive urinary phosphate wasting, which causes rickets. 22 Furthermore, in some patients with epidermal nevus syndrome, which can be related to activating mutations of FGFR3, 32 increased serum levels of FGF23 are associated with renal phosphate wasting. 33 similarly, increased production of FGF23 by tumor cells in patients with tumor-induced osteomalacia can induce excessive renal phosphate wasting and mineralization defects in the bone. these clinical symptoms can be reversed by surgical removal of the FGF23-producing tumor. 34 a pathological role for FGF23 has also been suggested in the mcCune-albright syndrome 35 and in osteoglophonic dysplasia; 36 in both conditions, increased serum levels of FGF23 can cause hypophosphatemia. in osteoglophonic dysplasia, an autosomal dominant disorder characterized by nonossifying bone lesions and abnormal mineral ion balance, increased FGF23 levels are caused by heterozygous, missense mutations in FGFR1 that lead to constitutive activation of the FGF receptor. 36 similarly, mcCune-albright syndrome is also a genetic disease that affects the pigmentation of the skin and induce fibrous dysplasia of the bones, and is caused by activating mutations in the GNAS1 gene.
Hypophosphatemia in patients with autosomal recessive hypophosphatemic rickets/osteomalacia (arHr) has also been attributed to high serum FGF23 levels. 37 these patients might have mutations in DMP-1, but the mechanism by which these mutations can lead to increased FGF23 production is not yet clear. in a related experimental study, increased production of FGF23 was detected in Dmp-1 knockout mice with hypo phosphatemia, and genetic deletion of Fgf23 in such mutants resulted in similar hyperphosphatemia as that observed in Fgf23 single knockout mice. 38 thus, hypophosphatemia in Dmp-1 knockout mice is though to be induced by the increased FGF23 level. diseases related to decreased FgF23 level reduced FGF23 activity can also cause diseases in humans (table 1) . For instance, patients with fami lial tumoral calcinosis (FtC) usually develop hyper phosphatemia and ectopic calcification owing to loss-of-function mutations in FGF23. 39 similarly, mutations in GALNT3 gene, which encodes the glycosyl transferase ppGantase 3 have also been identified in patients with FtC. 40 in these patients, serum levels of intact FGF23 are reduced, whereas levels of the processed, C-terminal FGF23 fragment are increased, which suggests an accelerated proteolysis of full-length, bioactive FGF23. interestingly, ppGantase 3 has been shown to specifically induce o-glycosylation of the thr178 residue, which is located in the proteolytic site of FGF23. 41 similarly, Galnt3-knockout mice show an impaired secretion of intact FGF23, despite an increased expression of FGF23 in the bone, which indicates an important in vivo role of GALNT3 in the processing and secretion of FGF23. 42 together, these observations imply that mutations in GALNT3 can impair O-glycosylation FGF23 (produced in the bone) can suppress NaPi-2a and NaPi-2c cotransporters, which results in increased renal excretion of phosphate. Similarly, FGF23 can suppress renal expression of 1-α hydroxylase, which leads to reduced production of calcitriol and decreased intestinal phosphate absorption, and subsequent reduced serum levels of phosphate. The serum levels of both the C-terminal fragment of FGF23 and of intact FGF23 are high in patients with familial tumoral calcinosis who carry a KL mutation, whereas serum levels of C-terminal FGF23 are high and levels of intact FGF23 are low-to-normal in patients with familial tumoral calcinosis who carry GLANT3 or FGF23 mutations.
REvIEwS of FGF23 in patients with FtC, and thereby increase the susceptibility of FGF23 to proteolytic inactivation. studies of the human genetic disorders that influence the functionality of FGF23 have substantially increased our understanding of the regulation of systemic phosphate homeostasis. However, the exact role and mecha nisms by which FGF23 regulation is perturbed in acquired human diseases should be investigated further, particularly in patients with renal diseases.
43
FgF23 and chronic kidney disease Patients with advanced stages of CKD have elevated serum levels of FGF23, which increase progressively as renal function declines. intact FGF23 seems to be the major circulating form that is present in patients with CKD, although some studies have also reported the presence of the C-terminal fragment of FGF23. serum measure ments of FGF23 are usually performed using either the immunotopics assay, (san Clemente, Ca, usa) or the Kainos assay (tokyo, Japan). 44 Despite increased serum levels of FGF23, patients with CKD develop hyperphosphatemia. 45 inability of FGF23 to reduce or normalize serum phosphate levels in patients with CKD can trigger the development of secondary hyper parathyroidism. However, the causes of elevated serum levels of FGF23 in patients with CKD are not clear. the potential mechanisms include decreased renal clearance of FGF23 46 and increased production of FGF23 that counteract hyperphosphatemia; the second possibility is supported by human studies where a high dietary phosphorus load increased serum levels of FGF23. 47 moreover, calcitriol therapy in patients with CKD might also contribute to increased serum levels of FGF23.
48 saito and colleagues have reported that both phosphorus and calcitriol independently increase circulating FGF23 levels. 49 Patients with CKD tend to have low levels of calcitriol and secondary hyperparathyroidism. whether increased levels of FGF23 can influence this dysregulation is a complex issue that should be investigated. as FGF23 can suppress vitamin D activity, 50 the increased levels of FGF23 in patients with CKD might reduce vitamin D activity and eventually facilitate the development of compensatory, secondary hyperparathyroidism. 51, 52 the endocrine functions of parathyroid hormone con tribute to the maintenance of phosphate balance by promoting renal phosphate excretion, and might also reduce urinary calcium excretion and stimulate the renal production of active vitamin D metabolites. nevertheless, even though serum parathyroid hormone levels are high in patients with CKD, parathyroid hormone fails to reduce serum phosphate levels in these patients. increased production of parathyroid hormone that counteracts hyperphosphatemia could substantially contribute to the development of secondary hyperparathyroidism. 53 of particular interest, elevated level of serum FGF23 is suggested to be an important predictor of secondary hyper parathyroidism in patients who are undergoing dialysis treatment. 54 the interaction between FGF23 and para thyroid hormone is a complex process that is not yet clearly understood; experimental studies have suggested that parathyroid hormone can increase FGF23 production, 55, 56 whereas others have found that FGF23 can inhibit parathyroid hormone syn thesis. 25, 26 whether increased serum parathyroid hormone levels can increase the produc tion of FGF23 or vice versa in patients with CKD who receive hemodialysis treatment needs ad ditional studies.
Hyperphosphatemia is an important determinant of mortality in patients with CKD, irrespective of other associ ated biochemical changes. However, serum phosphate level can be influenced by numerous factors, including diet, the use of phosphate-lowering drugs, or abnormal skeletal conditions. serum phosphate level, therefore, can be misleading in risk assessment, particularly when they remain within the normal range. some studies have suggested that under normophosphatemic conditions, serum level of FGF23 might be a better biomarker than serum phosphate level for risk assessment in patients with CKD. 57 a number of studies have suggested an association between increased serum level of FGF23 and increased mortality in patients with CKD, particularly in those who undergo hemodialysis. 58 the cause of this associ ation is not clear, but some studies have found a correlation between elevated serum FGF23 level and an increased rate of left ventricular hypertrophy. 59 ,60 although these association studies are of interest, they do not provide enough mechanistic evidence to prove that FGF23 directly affects cardiovascular structural components, which influence cardiac functions and, eventually, mortality. the available (genetically altered) animal models might be able to show a direct effect of FGF23 on cardiovascular structure and function convincingly. Kl-deficient mice are characterized by extremely high serum levels of FGF23 compared with control mice, and early, sudden death (Figure 2) , which is linked to cardiac dysfunction of the sino-atrial node. 61 Determining whether high serum levels of FGF23 contribute to the cardiac dysfunction and early mortality of Kl-deficient mice might help us understand the pathologic role of elevated serum levels of FGF23 in patients with CKD.
The role of Klotho
Klotho is a type 1 membrane protein, with a single transmembrane domain near its C-terminus that is hypothesized to anchor the protein to the membrane. 18 most cellular functions and cell-matrix interactions are performed through membrane proteins, which consist of transmembrane and anchored proteins. type i me mbrane proteins usually have a single transmembrane stretch of hydrophobic amino acids, with the n-terminus exposed to the extracellular side of the membrane and the C-terminus exposed on the cytoplasmic side. if the short trans membrane domain of Klotho is removed, the remaining fragment (the secreted form) can be released into the circulatory system. REvIEwS the gene Kl, which encodes Klotho in the mouse is located on chromosome 13q12 and has 5 exons and 4 introns. 62 the transcript of this gene is about 5.2 kb. the third exon of Kl can be alternatively spliced to generate two transcripts, which encode the transmembrane and secreted forms of Klotho. the transcript of the full-length Kl encodes a protein of 1,014 amino acids and a molecular weight of 130 kD (the transmembrane form), whereas the truncated Kl encodes a protein of 550 amino acids and a molecular weight of approximately 65-70 kD (the secreted form). 63−65 the full-length mouse Kl cDna has around 93% and 80% homology with those of rat and human, respectively, 64 whereas the mouse Klotho protein has around 94% and 80% homology with the rat and human proteins. 45 the transmembrane form of the mouse Klotho possesses a putative signal sequence at its n-terminus, a putative transmembrane domain, and a short cyto plasmic domain at the C-terminus. the extracellular domain of Klotho consists of two internal repeats of about 550 amino acids (Kl1 and Kl2) that share sequence homology with β-glucosidase. Between two internal repeats (Kl1 and Kl2), a short stretch of basic amino acids (lys-lys-arglys) is included that forms a possible site for proteolytic cleavage. this short stretch of basic amino acids is present in the rat, human and mouse Klotho proteins. the secreted form of mouse Klotho only contains the n-terminal fragment, including its extracellular domain (Kl1).
63−65 one study has suggested that the metalloproteinases aDam-10 and aDam-17 are able to cleave Klotho from the plasma membrane, and that insulin can stimulate Klotho shedding. 66 Klotho expression has been detected in the distal convoluted tubules of the kidney, the parathyroid gland, and the epithelium of the choroid plexus in the brain. 45 Kl-knockout mice exhibit increased renal expression of naPi-2a and naPi-2c protein with concomitant hyperphosphatemia (Figure 3 ) and develop the same physical, biochemical, and morphological characteristics as Fgf23-knockout mice. 62 the identical phenotypes of these two separate knockout lines eventually led to the identification of Klotho as an essential cofactor in FGF23 signaling pathways.
67−71
FGF23 signaling in general, most FGFs bind to FGF receptors on the cell surface and activate downstream signaling events that exert diverse biological functions. FGF23 is a member of the FGF19 subfamily, which also contains FGF19 and FGF21, and has been shown to bind to multiple FGF receptors, including FGFr1c, FGFr3c, and FGFr4. 67, 70, 72, 73 Follow-up studies, however, suggested that FGFr1 is the principal mediator of the effects of FGF23 in vivo. 74, 75 Further research has suggested that Klotho can bind to multiple FGF receptors, and that the Klotho−FGF receptor complex binds to FGF23 with much higher affinity than either the FGF receptor or Klotho alone. the binding of this complex can then activate downstream signaling events, as demonstrated by the activation of egr-1 and the phosphorylation of FGF receptor substrate-2a, erK, p38, JnK, and aKt. 67, 70, 76 notably, these signaling phos phoproteins have been detected only when cells were treated with both FGF23 and Klotho, and not in cells that were treated with FGF23 only. these results, along with earlier observations, clearly suggest that the interaction of FGF23 and the FGF receptor and subsequent signaling activities require Klotho as a cofactor. 77 in response to elevated serum phosphate levels, FGF23 is produced in the bone and exerts endocrine effects in the kidneys in coordination with Klotho, which is mostly expressed in the distal tubular epithelial cells and promotes renal phosphate excretion. the phosphate-lowering effect of FGF23 is partly mediated through the reduced expression of naPi-2a and 1α hydroxylase in the proximal REvIEwS tubular epithelial cells. Despite the fact that Klotho is present only in the distal tubular epithelial cells, FGF23-mediated phosphate metabolism takes place in the proximal tubules. of note, the FGF receptor 1 is also expressed in distal tubules. 75 the interaction of proximal and distal tubules to facilitate FGF23-Klotho-mediated functions is an important and unsolved issue, and an active area of research. in one study, robust induction of phosphorylated erK1 (a marker of FGF23 bio activity) was detected only within Klotho-expressing distal tubules following FGF23 injection, which suggests that FGF23-mediated signaling might be initiated in the distal convoluted tubule. 78 these studies have paved the way to a future, in-depth description of the role of Klotho in FGF23-mediated regulation of phosphate homeostasis.
Systemic functions of FGF23-Klotho axis
transgenic mice that overexpress human FGF23 or mouse Fgf23 develop hypophosphatemia owing to severe urinary phosphate wasting, whereas Fgf23-knockout mice develop hyperphosphatemia owing to an increased renal uptake of filtrated phosphate. a genetic restoration of the systemic actions of human FGF23 in Fgf23-knockout mice reverses hyperphosphatemia to hypophosphatemia and prevents associated complications, including ectopic calcification. 30 these genetically modified animal models have provided valuable insights into the role of FGF23 in regulating phosphate homeostasis, and some studies have clearly demonstrated in vivo the importance of Klotho in this regulation. For instance, serum phosphate levels are substantially reduced following an injection of bioactive FGF23 in either wild-type or Fgf23-knockout mice. 68 as wild-type and Fgf23-knockout mice both express endogenous Klotho, the exogenous FGF23 is able to influence systemic phosphate homeostasis. in contrast, the injection of bioactive FGF23 protein into either Kl-knockout mice or Fgf23/Kl double knockout mice does not produce any obvious changes in the serum levels of phosphate. 68 these observations imply that Klotho is essential for the FGF23-mediated regulation of phosphate homeostasis.
the essential in vivo role of Klotho has been also demonstrated in a genetically engineered, hypo phosphatemic mouse model. 79 these mice possess a mutation that in activates Phex, a phosphate-regulating gene that is homologous to the endopeptidase-encoding genes that are located on the X chromosome. this mutation is associated with severe hypophosphatemia secondary to excessive urinary phosphate wasting, which is caused by increased serum accumulation of FGF23. In vivo genetic manipulation studies have shown that the inactivation of Klotho in Phex-deficient mice results in hyper phosphatemia, not hypophosphatemia, even though mice that are deficient of both Phex and Kl have markedly elevated serum levels of FGF23. 79 the opposing phenotypes of these single mutant and double mutant mice suggest that the disruption of Klotho-mediated pathways abrogates the hypophosphatemic phenotype that is normally caused by the increased serum levels of FGF23. 80, 81 Furthermore, genetic inactivation of Kl in FGF23 transgenic mice results in a phenotype that is consistent with Klotho-deficiency, which again emphasizes the in vivo importance of Klotho in the function of FGF23. 82 in humans, a homozygous, loss-of-function mutation in KL causes tumoral calcinosis, severe hyperphosphatemia and ectopic calcification despite high serum levels of FGF23 in the affected patients. 83 together, these human and mouse genetic studies provide compelling evidence that klotho is essential in the FGF23-mediated regulation of systemic phosphate homeostasis in vivo.
nevertheless, under pathological conditions where the concentration of FGF23 is extremely high, FGF23 might exert nonspecific effects without klotho, as FGF23 can bind to FGF receptors with low affinity in the absence of klotho. 70 several in vitro studies also support the possibility of such nonspecific responses. For instance, FGF23 has been shown to suppress osteoblast differentiation and bone mineralization in fetal rat calvaria cells. 84 as Kl is not expressed in osteoblasts, any effect of FGF23 on these cells would indicate that Klotho-independent effects of FGF23 exist, unless bone cells express extremely low levels of Klotho that are undetectable with existing tools. in a similar study, FGF23 was shown to exhibit weak proliferative effects on a murine bone-marrow-derived pro-B cell line that overexpresses FGF receptors but does not express Klotho. 
REvIEwS
Future studies should determine whether extremely high serum levels of FGF23 can lead to ectopic activation of FGF receptors and induce cardiac morbidity in patients with CKD. in this scenario, patients with CKD might benefit from therapy that lowers FGF23 level. However, a thorough understanding of the role of elevated serum FGF23 levels in patients with CKD is needed before any therapeutic strategy can be proposed. For example, whether increased FGF23 level is a protective response (in early stages) or an adverse effect (in later stages) in patients with CKD is not clear. moreover, vitamin D deficiency has been linked to increased mortality in advanced CKD patients, 86 and, as FGF23 can suppress the production of active vitamin D metabolites, any detrimental effect of FGF23 in these patients might be influenced by reduced vitamin D activity.
as discussed above, the creation of Phex/Kl double mutant mice has clearly demonstrated that the FGF23-mediated hypophosphatemia in Phex-deficient mice is Klotho-dependent. these genetic studies have provided in vivo evidence that suggests that Klotho might be a potential therapeutic tool to manipulate FGF23 function, and direct manipulation of Klotho might be used as a novel therapeutic strategy for FGF23-related hypo phosphatemic diseases. 43, 80 the clinical application of a controlled reduction of FGF23 might be of therapeutic benefit for patients with excessive urinary phosphate wasting diseases, including aDHr, arHr, and XlH. Currently, treatments for these genetic hypophosphatemic diseases, such as oral phosphate replacement, are mostly palliative, and the prolonged use of these therapies can lead to complications, notably secondary hyperparathyroidism. treatment of Phex-deficient mice with anti-FGF23 antibodies inhibited the endogenous FGF23 activities and resulted in increased serum levels of phoshate. 87 in a similar study, inactivation of endogenous FGF23 activity in Phex-deficient mice by manipulation of Klotho's function resulted in hyper phosphatemia, even though Phex/Kl double mutant mice have markedly elevated serum levels of FGF23. 79 Finally, in contrast to anti-FGF23 therapy, administration of exo genous, bioactive FGF23 protein might help restore phosphate balance and delay associated complications, such as the ectopic calcifica tions in patients with FtC that are usually caused by reduced FGF23 activity. exogenous FGF23 treatment has been shown to delay the progression of renal failure induced by experi mental nephritis. However, this treatment also aggravated renal osteo dystrophy owing to reduced levels of calcitriol, which demonstrates a potential limitation of FGF23 therapy.
88 renal osteodystrophy is often described as a CKD and mineral and bone disorder. of particular interest, cal citriol can exert opposing effects on serum phosphate levels: it can induce both FGF23 and Klotho to increase urinary excretion of phosphate and lower serum phosphate levels, but can also facilitate increased intestinal absorption of phosphate to increase serum phosphate levels ( Figure 4 ).
Conclusions
the regulation of systemic phosphate homeostasis seems to be strictly controlled by a limited number of factors, as demonstrated by the opposing phenotypes of transgenic and knockout Fgf23-mutant mice, their similarities with Kl-mutant mice, and-more importantly-the corresponding clinical phenotype in hereditary diseases that are caused by FGF23 or KL mutations in humans (Box 1).
22,27,68,89−92 the overlapping phenotypes and the lack of redundancy in phenotypes of Fgf23-mutant mice with Kl-mutant mice, suggest that the biological network that actively regulates phosphate homeostasis consists of a limited number of essential factors. our understanding of the essential in vivo role of FGF23 in maintaining systemic phosphate homeostasis has laid the foundation for future work to determine the therapeutic benefit of manipulating the FGF23−Klotho network in patients with excessive urinary phosphate-wasting diseases. in addition, serum FGF23 measurements might have both diagnostic and prognostic relevance in these patients, and might be used to determine the underlying causes of diseases that are associated with abnormal mineral ion metabolism. For instance, serum FGF23 levels can aid the diagnosis of tumor-induced osteomalacia, and pretreatment serum level of FGF23 might be a good predictor of the efficacy of vitamin D therapy in patients who receive dialysis, as well as for the future development of refractory hyperparathyroidism. 54 Hypophosphatemia in the early posttransplant period in patients who receive renal transplant is more strongly associated with increased level of FGF23 than that of parathyroid hormone. 93 similarly, another study suggests that FGF23 is independently and negatively associated with the calcification of arteries in the hand, but not of the aorta in patients with CKD who undergo hemo dialysis, and proposed that plasma FGF23 levels can be a reliable marker for medial, peripheral artery calcification in these patients. 94 Furthermore, extensive cardiovascular ca lcification, which is a leading cause of death in patients , which results in decreased serum phosphate levels. Calcitriol can also facilitate increased intestinal absorption of phosphate, which increases serum phosphate levels.
REvIEwS
with CKD who undergo hemodialysis, is associated with high serum FGF23 levels. 58, [95] [96] [97] [98] in conclusion, experimental studies have provided compelling evidence of the in vivo importance of Klotho in FGF23-mediated regulation of systemic phosphate homeostasis. translation of this research to new therapies for patients who suffer from the complications of abnormal mineral ion metabolism will be a challenging yet clinically rewarding effort. 99 
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